Despite its advantages, lithium metal is a particularly challenging anode material due to its high reactivity. [2, [5] [6] [7] [8] [9] Nearly all known electrolyte solvents and salts reduce on the surface of lithium to form a solid electrolyte interphase (SEI) layer. [5, 10] During cycling, lithium continually consumes electrolyte to generate SEI; as such, reduced electrolyte volumes have been shown to result in premature cell failure as the electrolyte dries out. [2, 6, 7, 11, 12] One route investigated to minimize this consumption has been the use of ether-based electrolytes with high salt concentrations that have shown improved Coulombic efficiency. [2, 3, [13] [14] [15] However, the limited initial supplies of lithium metal and electrolyte combined with their high reactivity may result in significant depletion of these resources long before cycling ever takes place. Although many researchers have examined how electrolyte volume and salt concentration affect cycle life and lithium deposit morphology, none have examined its role on calendar aging, which is the degradation of a battery during the rest state when no current is being applied. [16] During calendar aging, chemical rather than electrochemical reactions are responsible for the degradation of the cell components, in this case the consumption of lithium metal and electrolyte as they react with each other to generate and regenerate an ever-evolving SEI layer. Depending on the severity of this consumption, calendar aging can have a large negative impact on the electrochemical cycling of the cell.
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In order to develop a model to predict calendar aging in lithium metal cells, two sets of information were needed: the dependence of SEI composition on electrolyte salt concentration (since the electrolyte concentration changes during aging) and the time dependence of the SEI degradation rate. In the first part of this work, dQ dV −1 profiles and X-ray photoelectron spectroscopy (XPS) data were used to examine the role that salt concentration plays in SEI composition. Similarly to the work of Nie et al., [17] the salt concentration was found to drive the overall composition of the SEI toward one of two regimes, one solvent-based and one salt-based. In the second part of this work, a simple constant current-constant voltage (CC-CV) charging protocol was used to measure the degradation rate of the SEI, finding that lower electrolyte volumes and a salt-based SEI produced the Calendar aging of lithium metal batteries, in which cells' components degrade internally due to chemical reactions while no current is being applied, is a relatively unstudied field. In this work, a model to predict calendar aging of lithium metal cells is developed using two sets of readily obtainable data: solid electrolyte interphase (SEI) layer composition (measured via X-ray photoelectron spectroscopy) and SEI stability (measured as a degradation rate using a simple constant current-constant voltage charging protocol). Electrolyte properties such as volume and salt concentration are varied in order to determine their effect on SEI stability and composition, with subsequent impacts to calendar aging. Lower salt concentrations produce a solvent-based, more soluble SEI, while the highest concentration produces a salt-based, less soluble SEI. Higher electrolyte volumes promote dissolution of the SEI and thus decrease its stability. The model predicts that lithium metal would be the limiting factor in calendar aging, depleting long before the electrolyte does. Additionally, the relative composition of the electrolyte during aging is modeled and found to eventually converge to the same value independent of initial salt concentration.
Rechargeable Li-ion batteries are ubiquitous throughout modern society, and there is continuing consumer demand to increase their specific energy to significantly higher values. Recently, the US Department of Energy created a program that has a stated goal of developing rechargeable lithium battery technology that can achieve a specific energy of 500 Wh kg −1 . [1] Lithium metal is a prime candidate for advancing toward this goal due to its superior characteristics over the state-of-the-art graphite: 10× higher capacity than graphite, more negative redox potential, and lighter weight. [2] [3] [4] [5] [6] most stable SEI layer. In the last part of this work, these two sets of information were combined to develop the model and make predictions about lithium metal battery calendar aging based on charge consumed to generate SEI by reaction with lithium metal and electrolyte, separately, as well as how the electrolyte composition changes during said aging. Lithium metal was predicted to be the limiting factor in calendar aging, depleting an order of magnitude faster than the electrolyte. Additionally, the electrolyte always converged to the same composition at the end of aging, no matter the original salt concentration. The authors believe this work is the first to make predictions about lithium secondary battery calendar aging using readily measured SEI composition and degradation properties.
The first set of information needed for the calendar aging model was collected: salt concentration-dependent SEI composition information derived from dQ dV −1 and XPS data. The electrolyte used in this work was a 3:7 (w/w) mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with 2 wt% of vinylene carbonate (VC) into which varying concentrations of LiPF 6 were dissolved (0.5, 1.2, and 3.6 m). Typically, Li || Cu cells are used for SEI and lithium plating studies on the Cu substrate, but lithium's highly reactive and inherently variable surface can lead to measurement inconsistencies in this cell configuration. In this work, LiFePO 4 was used as the source for lithium to mitigate the aforementioned variability. [8, 18] The differential capacity profiles for the three salt concentrations in the Cu || LiFePO 4 cells are shown in Figure 1b for an electrolyte volume of 16 µL (data for all volumes and concentrations can be found in Figure S3 in the Supporting Information). The bottom axis in Figure 1b is the actual measured voltage of the cell, whereas the top axis is the equivalent potential in a Li || Cu cell. The peaks above 1.8 V in the plots (corresponding to less than roughly 1.6 V in a Li || Cu cell) are in a solvent-based SEI regime and relate to the reduction of EC and VC, [19, 20] whereas the peaks at voltages below 1.8 V are in a salt-based reduction regime and relate to the reduction of LiPF 6 . [17] Some examples (a nonexhaustive list) of chemical and electrochemical SEI formation reactions are shown below; Equation (1)- (3) are in the solvent-based regime while Equations (4) and (5) are in the salt-based regime. [21] [22] [23] [24] [25] [26] [27] [28] The peaks in Figure 1b demonstrate that the majority of the charge consumed for SEI growth at the two lower salt concentrations went toward forming solvent-based SEI components while at the highest concentration mostly salt-based components were formed. 
The preference for one SEI regime over another is caused by differences in the solvation of Li-ions within the electrolyte solution. At a concentration of 0.5 m, there are more than seven EC molecules available per Li-ion. Therefore, Li-ions will be solvated in the well-known tetrahedral configuration [29, 30] by four EC molecules, forming a solvent-separated ion pair in which the PF 6 − anion is separated from the Li + cation by the sheath of molecules solvating it: Li(EC) 4 + . [15, 17, 30] At 1.2 m, the number of available EC molecules per Li-ion decreases to only three. With fewer than four EC molecules able to solvate it, an EMC molecule takes the place of one of the EC molecules in the tetrahedral solvation shell, forming another solvent-separated ion pair: Li(EC) 3 (EMC) + . [15, 30] At the highest concentration of 3.6 m, there is only one EC molecule available per Li-ion, leading the PF 6 − anion to enter the solvation shell to form a contact ion pair: Li(EC)(EMC) 2 PF 6 . [15, 17, 30] At the two lower concentrations, the high number of EC molecules and absence of PF 6 − in the solvation shell lead to a preference for the reduction of EC at the anode surface, precipitating solvent-based products. At the highest concentration, the presence of PF 6 − in the solvation sheath leads to its participation in SEI formation, generating salt-based SEI. [15, 17] XPS is a commonly used technique to examine the outermost surface (≈10 nm) of the SEI layer, [31] and it was used here to chemically confirm the existence of the two SEI regimes. XPS was performed following the SEI maturation protocol (described in the Supporting Information) and repeated lithium plating/stripping, and the C 1s and F 1s spectra are shown in Figure 1c ,d, respectively. The remaining spectra (O 1s, Li 1s, and P 2p) are shown in Figure S4 in the Supporting Information along with a table of all peak assignments and relevant references in Table S3 in the Supporting Information. The C 1s spectra showed the SEI was comprised of five carbon-containing components: adventitious carbon (CC/ CH), poly(ethylene oxide) (PEO), Li 2 CO 3 , (CH 2 OCO 2 Li) 2 , and poly(vinylene carbonate) (poly(VC)). PEO, Li 2 CO 3 , and (CH 2 OCO 2 Li) 2 are reduction products of EC [21] while poly(VC) is a reduction product of VC. [22] The F 1s spectra showed the SEI contained three LiPF 6 -derived reduction products: LiF, Li x PO y F z , and Li x PF y . [23, 24] The area under the C 1s spectra decreased by about 28% upon increasing the concentration to 3.6 m, while the area under the F 1s spectra increased by 501%. Because the C 1s and F 1s spectra are comprised solely of either EC/VC-based or LiPF 6 -based reduction products, respectively, their areal ratio (A C 1s / A F 1s , denoted as C/F) can serve as a proxy for the relative amounts of solvent-based and salt-based SEI, where a higher C/F ratio signifies a more solvent-based SEI. XPS areal ratios have been used to characterize cathodes in the past, [32] [33] [34] but their use to compare two distinct types of SEI (via the C/F ratio) is novel. The C/F ratio was 3.8 at 0.5 m, 3.5 at 1.2 m, and 0.4 at 3.6 m, indicating the SEI was primarily solvent-based at the lower concentrations but became predominantly salt-based at the highest concentration.
In order to gather the second set of data required for the calendar aging model, a repeated CC-CV charging protocol (see the Supporting Information) was used to measure SEI degradation properties, and the results are shown in Figure 2 and Figure S5 in the Supporting Information. [35] During each CC-CV repetition, charge was consumed to grow SEI on the copper substrate; the cycle-by-cycle and cumulative capacities dedicated to SEI formation are shown in Figure S5a ,b in the Supporting Information, respectively. In the succeeding rest step of each CC-CV repetition, portions of the SEI dissolved into the electrolyte or were otherwise degraded. These portions must then be repaired or maintained. The SEI degradation rate was calculated by dividing the charge required to repair the SEI (i.e., the amount that was assumed to have degraded) by the time of the rest period over which the degradation occurred. The cycle-by-cycle and pseudo-steady-state (found at the 26 th cycle) degradation rates are shown in Figure 2a ,b, respectively.
Both the formation capacity and degradation rate exhibited a power-law decay throughout the CC-CV repetitions, indicating that the soluble SEI components were being replaced by insoluble compounds, leading to an increasingly stable SEI. Electrolyte volume and salt concentration are both possible factors affecting the stability of the various SEI components against dissolution. Typically, higher liquid volumes promote dissolution of solid compounds by shifting the solubility equilibria while higher salt concentrations tend to suppress dissolution. With regards to SEI degradation rate (Figure 2b) , the former held true; the dissolution of SEI components increased with increasing volume of electrolyte. However, the degradation rate did not exhibit the expected decrease when the salt concentration increased from 0.5 to 1.2 m. The degradation rate decreased substantially at 3.6 m, but this effect was most likely due to the comparatively insoluble salt-based SEI rather than the dissolution suppressing effects of a higher salt concentration. Total SEI formation capacity ( Figure S5b , Supporting Information) exhibited similar trends as the degradation rate; higher degradation rates meant that more charge was consumed to form a stabilized SEI. These composition and stability factors have cell design implications; for example, shelf life can be reduced if an unstable SEI is continually consuming Li and electrolyte to regenerate itself. To this end, an extrapolation of the power-law fitting of the SEI formation capacity data, combined with the C/F ratio data derived from XPS, was used to develop a model to predict calendar aging of lithium cells as shown in Figure 3 . To understand calendar aging, two boundary conditions exist; one in which charge to form the SEI is entirely consumed by reaction of the lithium metal anode and one where charge to form the SEI is solely consumed by the reaction of the electrolyte. Separating the consumption of lithium metal and electrolyte allows for identification of one or the other as the limiting factor in calendar aging; in reality, these reactions would occur concurrently.
In Figure 3a , calendar life was predicted for the 0.5 m electrolyte by assuming that all of the SEI formation charge was consumed exclusively by reaction of 7 mAh cm −2 of lithium metal (100% excess of a theoretical high capacity cathode of 3.5 mAh cm −2 ), ignoring charge consumption by electrolyte. Predictions for the 1.2 and 3.6 m electrolytes can be found in Figure S6a ,b, respectively. Calendar life for this theoretical anode ranged from 80 to 380 d before the lithium metal was completely consumed. At the lowest salt concentration calendar life decreased with increasing volume, as expected due to the similar trend in degradation rate; a more stable SEI translates to a longer calendar life. This trend was not observed at the two higher concentrations. Because of the different power-law fittings of the degradation curves (e.g., the degradation rates were similar for 1.2 m, 76 µL and 3.6 m, 76 µL at cycle 1 but very different at cycle 26), the extrapolated aging curves did not necessarily follow the same trend as the snapshot at the 26 th cycle.
Calendar life of a lithium metal cell based solely on consumption of electrolyte to generate SEI (ignoring lithium metal consumption) can also be calculated by converting the volume of electrolyte and its concentration into a capacity using some assumptions about the SEI formation reactions (see the Supporting Information). These curves are shown in Figure 3b for the 28 µL volume; data for 16 µL can be found in Figure S6c Adv. Energy Mater. 2018, 1801427 in the Supporting Information. In this case, calendar life based on electrolyte consumption was strongly correlated to its initial capacity; higher volumes and higher salt concentrations had higher capacities and thus longer calendar life. These calendar lifetimes lasted from 2200 to more than 12 000 d, indicating that formation of SEI by consumption of lithium metal will likely be the limiting factor in the shelf life of a lithium metal battery, rather than consumption of electrolyte.
In Figure S6d in the Supporting Information, the 16 µL data from Figure S6c in the Supporting Information was split into solvent-and salt-based components in order to track their depletion individually. One might expect that an electrolyte in the solventbased SEI regime would preferentially consume the electrolyte solvents until they are depleted, and vice versa for the salt-based SEI regime, but this was not the case. The concentrations of the individual components converged throughout aging, eventually depleting simultaneously. As either solvent-or salt-based electrolyte components were preferentially consumed, the relative EC/Li + ratio in the electrolyte changed and could be modeled as well; this ratio is shown versus normalized time in Figure 3c . The lower the initial concentration of LiPF 6 , the more rapidly the EC/Li + ratio changed. At the highest concentration, the ratio was relatively constant throughout aging. Interestingly, the ratio converged to the same value at the end of aging for all concentrations.
In this work, data on the effects of electrolyte volume and salt concentration on SEI composition and stability were collected and used to develop a model to predict calendar aging in lithium metal batteries. The SEI composition experienced a marked shift from solvent-to salt-based reduction products upon increasing the salt concentration. In general, larger volumes of electrolyte shifted the solubility equilibria of the SEI components, leading to higher dissolution and lowered SEI stability. The salt-based SEI produced by the highest concentration electrolyte was more stable against dissolution. When these data were used to develop the model, it was found that lithium metal would be the limiting factor in calendar aging. Additionally, the electrolyte composition was not fixed and always converged to the same EC/Li + ratio, no matter the initial salt concentration. The results of this model likely represent a best-case scenario for calendar lifetimes; once cycling begins, large increases in surface area will lead to more rapid consumption of the lithium metal anode and electrolyte, resulting in accelerated calendar aging. To date, little attention has been paid to calendar aging in lithium metal batteries. This work shows that, due to the extreme reactivity of lithium, the electrolyte plays a key role in the calendar aging process and should become a focus going forward for researchers looking to develop novel electrolytes.
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